Hordein, the storage protein of barley grain, consists of three groups of polypeptides called B, C and D hordeins. Each group is coded for by a complex locus and these have been designated Hot 2, Hot 1 and Hot 3 respectively. Previous work has shown that Hot 1 and Hor 2 are on the short arm of chromosome 5. The results of crosses designed to evaluate the linkage relationships of Hor 3 show that it is located about 9 cM from the centromere on the long arm of chromosome 5. The loci ned and wst5 are located 8•O± 15 and 37•4±4•7 cM respectively distal to Hot 3. These results are discussed in relation to the chromosomal location of loci which code for homologous groups of storage proteins in wheat.
INTRODUCTION
Hordein, the prolamin storage protein of barley grain, is composed of a number of polypeptides which differ in their molecular weight, charge and isoelectric point (Shewry, Ellis, Pratt and Miflin, 1978a) . The "B" and "C" groups of polypeptides account for about 95 per cent of the fraction and have been purified and characterized (Shewry et a!., 1980c) . They differ in a number of their properties, notably their content of sulphur amino acids. We have recently purified a further group, D hordein, which consist of high molecular weight (HMW) polypeptides (apparent Mr 105,000) (Field, et a!., 1982) . Furthermore we have shown that this group has properties in common with the HMW polypeptide components of wheat storage proteins (often called glutenins), notably a high content of glycine.
The numbers and electrophoretic properties of "B" and "C" hordein polypeptides differ between varieties (Shewry et a!., 1978a; Shewry, Pratt and Miflin 1978c; Shewry et a!., 1979) . Genetic analysis of crosses has shown that the patterns of "C" and "B" hordein polypeptides are determined by separate loci, called Hor 1 and Hor 2 respectively, located on the short arm chromosome 5 (Solari and Favret, 1971; Oram, Doll and Køie, 1975; Shewry, Pratt, Finch and Miflin, 1978b; Netsvetaev, 1978; Sozinov eta!., 1978; Doll and Brown, 1979; Shewry eta!., 1980b; Jensen eta!., 1980) . This location was confirmed by Lawrence and Shepherd (1981) using addition lines of bariey into wheat. Molecular analysis of the Hor 2 locus using recombinant DNA techniques (Forde et a!., 1981) and the analysis of "B" hordein polypeptide fragmentation patterns (Faulks, Shewry and Miflin, 1981) both suggest that the locus consists of multiple 179 180 SHEWRY, FINCH PARMAR, FRANKLIN AND MIFLIN genes coding for two sub-families of related polypeptides, but the exact number and spatial organisation of these genes is not known. Lawrence and Shepherd (1981) also showed that a quantitatively minor storage protein component of high molecular weight was coded for by genes on the long arm of barley chromosome 5, this location being similar to those of genes coding for the HMW glutenin polypeptides on the long arms of the homoeologous group 1 chromosomes of wheat. The properties of this component suggest that it is "D" hordein and we have therefore made crosses between lines with marker genes on chromosome 5 in order to determine the exact location of the "D" hordein locus, which we have called Hor 3 . The results of this study are reported here.
MATERIALS AND METHODS
(i) Material Crosses were made among Hordeum vulgare L. cultivars Cambrinus, Nigrinudum and Sultan (all Plant Breeding Institute stocks) and between lines CI 2010 (Hungarian) from the World Barley Collection and S114 supplied by Dr J. Jensen of Risø National Laboratories, Roskilde, Denmark. Table 1 gives the alleles in each parent at the Hor 1, Hor 2 and Hor 3 and marker loci. Alleles at the first two loci have been named after the (Haus and Tsuchiya, 1971) ; and the recessive genes nec 1, necrotic leaf spotting (Jensen, 1973) and wst5, white streaks on young leaves (Jensen, 1973) . The chromosomal locations of these loci and of Hor 1 and Hor 2 are shown in fig. 2 (a) which is based on Jensen Five F1 plants of Cambrinus x Nigrinudum (cross 1) and 7 of Nigrinudum x Sultan (cross 2) were grown together in a glasshouse at the Plant Breeding Institute. In cross 1, 110 bagged F2 seeds (21-22 from each F1) gave 109 F2 plants and F3 families. F2 plants were scored as seedlings for reaction to yellow rust race 24 (cross 1 only) and at maturity for lemma and pericarp colour. From each F2 plant, separate batches of F3 seedlings were tested for reaction to yellow rust race 23 or mildew and five F3 seeds were scored for hordein pattern.
In cross 2, 35 bagged F2 seeds were sown from each F1, 20 in sample X and 15 in sample Y. Failure of germination or technique prevented scores in some cases. In sample X, each seed was cut in two and the embryo-bearing part sown for a mildew reaction test and the other part scored for hordein patterns. Scores were obtained from 86 plants (6-18 from each F1) for reaction to mildew, 92 seeds (6-19 from each F1) for "C" hordeins and 97 seeds (6-20 from each F1) for "D" hordeins. In sample Y, 50 F2 plants (3-14 from each F1) were scored for lemma and pericarp colour, and from each F2 plant, F3 seedlings were scored for reaction to mildew and five F3 seeds for hordein patterns.
Two F1 plants of CI 2010 x S114 (cross 3) were grown together in a glasshouse at Rothamsted, 376 F2 seeds gave 365 F2 plants (226 and 139 from the two F1 plants). F2 plants were scored as seedlings for the nec 1 and wst5 phenotypes. Five F3 seeds from each F2 plant were scored for hordein patterns.
(ii) Tests for mildew and rust resistances
In cross 1 reaction of intact first seedling leaf to Plant Breeding Institute stocks of yellow rust race 23 or 24 was scored two to three weeks after inoculation on a 0 to 4 scale. Resistant plants had only necrotic flecks or scored 0 to 1+; susceptible plants scored 3-to 4. The only intermediate was one F3 plant which scored 2. Nigrinudum has a recessive gene on chromosome 4 giving resistance (usually a 0, 1 --, 1 or 1 + score) to both races (Finch, Simpson and Johnson, 1978) whereas Cambrinus is resistant (usually necrotic flecks, only) to race 23 and susceptible to race 24 (Johnson and Finch, 1976) . Therefore 10-12 F3 seedlings from each F2 plant were tested with race 23. An F2 plant that had been susceptible to race 24 was deemed homozygous for Rps4 if all its F3 progeny had only necrotic flecks and heterozygous if 7-12 F3 progeny were resistant, but not all merely with necrotic flecks. However, F2 plants which had shown the Nigrinudum resistance to race 24 were deemed to have the Rps4 allele only if 8 or more F3 progeny showed only the necrotic reaction to race 23. Thus 3 F2 plants each with all 12 F3 progeny resistant but 11 in each family with 0 to 1+ scores, not merely necrotic flecks, were deemed homozygous for rps4, as were 21 F2 plants with 7-12 susceptible F3 progeny each.
Cambrinus has 2 genes for mildew resistance on chromosome 4 (Wiberg, 1974) and Sultan has a gene on chromosome 5 (Torp, Jensen and Jørgensen, 1978) . Resistance due to Mlnn in Nigrinudum was distinguished from that due to Cambrinus and Sultan genes with Plant Breeding Institute mildew isolate number 210 which is pathogenic on all 3 varieties, especially Sultan, but also evokes a necrotic reaction in Nigrinudum, only. If an F2 plant did not show this necrotic reaction itself (cross 2, sample X), or in any of its 10-16 F3 progeny tested (cross 1 and cross 2, sample Y), it was classed as homozygous for mlnn.
(iii) Hordein pattern analysis Alleles at the I-for 1 and Hor 3 loci in seed from crosses 1 and 2 were determined by SDS-PAGE of reduced and pyridylethylated hordein fractions as described previously (Shewry et al., 1978b) . Alleles at Hor 2 and Hor 3 in cross 3 were determined using a modification of the single seed method of Doll and Andersen (1981) . A crushed seed was placed in a 15 ml capped polypropylene centrifuge tube with 400 i.l of 50 per cent (v/v) propan-2-ol containing 41 mM Tris and 40 mM boric acid, pH 86, and 1 per cent (v/v) 2-mercaptoethanol. The tube was suspended in a sonic cleaning bath for 30 mm, centrifuged and 200 p.1 of the supernatant decanted to a fresh tube. 30 pi of redistilled 4-vinylpyridine was added and the tube shaken for 2 h at 20°C. 600 p.1 of distilled water was then added and the tube placed at 4°C overnight. The precipitated hordein was removed by centrifugation, redissolved in 8M urea containing 10 per cent (w/v) STORAGE PROTEIN LOCUS 183 SDS and separated by SDS-PAGE on a modified Laemmli gel (Forde et al., 1981) . Two-dimensional analyses of hordein fractions from single seeds were made as described by Shewry et al. (1980b) .
(iv) Statistical analysis Gene linkage was tested for by x2 tests and estimated by the method of maximum likelihood (Bailey, 1961) . Map distance was calculated using the Kosambi function (Jensen and Jørgensen, 1975 a) . Genotype frequencies from different samples were pooled if homogeneous (P >0.05) in contingency x2 tests.
RESULTS
The numbers of F2 plants in the various genotypic classes, resulting from segregation at the loci studied, are given in tables 2-4 and the linkage x2 and probability values in table 5. Although the parents in crosses 1 and 2 (Nigrinudum and Cambrinus or Sultan) have different alleles at the Hor 2 locus they could not be distinguished easily from heterozygotes by one-dimensional SDS-PAGE and so segregation at this locus was not studied. Similarly the Hor 1 alleles present in the parents of cross 3 (CI 2010 and Si 14) could not be distinguished and so segregation at this locus could not be scored. There was no evidence of recombination within the "B" hordein or "C" hordein patterns and so Hor 1 and Hor 2 were treated as single loci with multiple alleles. SDS-PAGE ( fig. 1) showed that all the parents had single major "D" hordein bands. Two-dimensional separations by combined isoelectric focusing and SDS-PAGE showed that these "D" fig. 3 ). Segregation at the loci Hor 1, Hor 2, Hor 3 and Rps4 gave the expected 1:2: 1 ratio of homozygotes:heterozygotes;homozygotes (P >0.05) in all sample populations. For Mlnn, B, wst5 and ned only two phenotypic classes at each locus were scored and the expected 3 dominant: 1 recessive ratio was found in all sample populations (P >0.2) except for Mlnn in cross 1 (P < 001) where the ratio was apparently 9 :7 (P >0.9). Interactions between Mlnn and the 2 mildew resistance genes in Cambrinus may account for this exception.
The %2 values indicate linkage (P < 0.05) between Hor 3 and the loci Hor 1, wst5, nec 1 and B, and the recombination values are given in table 5. These data clearly show that Hor 3 is located close to nec 1 on the long arm of chromosome 5. Since the recombination percentage between nec 1 and wst5 (278±2•8) is less than between Hor 3 and wst5 (31.7±2.8),
Hor 3 is presumed to be proximal to nec 1. The map distances calculated from these recombination percentages are given in table 5 while a map of the locations of these loci based on these results is presented in fig. 2(b) . The locus wstS also showed linkage with B (222 26 per cent recombination). The sum of estimates of the map distances between ws(5 and B and wst5 and Hor 3 (61.2 cM) agreed well with the distance determined between Hor 3 and B (65.9 cM); surprisingly, ned was not linked with B. Hor 1 showed linkage with the yellow rust resistance locus Rps4, although the map distance (15.9 3.0 cM) was considerably greater than that calculated by Jensen (1982) (1.5 cM, see fig. 2(a) ). Also, Rsp4 was not apparently linked with Hor 3. A further inconsistency was that Hor 1 showed linkage with B when the data from crosses 1 and 2(Y) were combined, although not with the data from either cross alone. There was no evidence for linkage between the Nigrinudum mildew resistance gene (Mlnn) and Hor 1, Hor 3 or Rps4, although it would have been expected from the chromosome map of Jensen (1982) (fig. 2(a) ),
Discussior
The linkage data for Hor 3 and the loci Hor 1, nec 1, wst5 and B are consistent with the location of Hor 3 about 8 cm to the centromere side of nec 1, on the long arm of chromosome 5. The map distances calculated for these loci are in good agreement with the chromosome map of Jensen (1982) (fig. 2a) . However, some of the other recombination frequencies are not in agreement with this map; Hor 1 and Rps4 are 159 cM apart in cross 1 but only 15 cM apart in Jensen's map ( fig. 2(a) ), and the loose linkage between Hor 1 and B in crosses 1+2(Y) combined, which was only significant at a low probability (P > 005), is clearly inconsistent with the known locations of these loci.
We have previously experienced problems in determining Rps4 (Yr4) (Shewry et a!., 1980b) but we do not think these were responsible for the results in the present study, however; Jensen (1982) has noted that the proposed position ( fig. 2(a) ) of this locus is not certain. Why Mlnn shows no linkage with any of the other loci is not known. The location of this gene on chromosome 5 is based only on a loose linkage with nec 1 (368 4.2) reported by Jensen and Jørgensen (1975b) . It may be that Minn is not actually located within the map shown in fig. 2(a) , but this requires confirmation.
It is of interest to compare the locations of the loci coding for hordein polypeptides with those coding for related proteins present in wheat and rye (Miflin, Field and Shewry, 1983) . The HMW components of wheat, which are homologous with "D" hordein, are coded for by alleles at Glu 1 which have been mapped 9 cM from the centromeres on the long arms of the homoeologous group 1 chromosomes (Payne et a!., 1982) (fig. 2(c) ). The centromere of barley chromosome 5 is thought to be located just on the short arm side of fs2 which would place Hot 3 about 9 cm from the centromere in a similar position to Glu 1. The w-gliadins of wheat are homologus with "C" hordein (Shewry, Autran, Nimmo, Lew and Kasarda, 1980a ) and these are coded for by alleles at Gil 1, which are located at 66 CM from Glu 1 on the short arms of the same chromosomes (Payne et al., 1982) (fig. 2(c) ). This distance is strikingly similar to that between Hot 1 and Hot 3 (64.8± 33 cM). The y-gliadins of wheat have similar amino acid compositions to "B" hordein but are also coded for by Gil 1 alleles (Sosinov and Poperelya, 1980) which may indicate that Gil 1 of wheat is equivalent to Hot 1 and Hot 2 of barley. Rye has genes coding for low and high molecular weight prolamins on the short and long arms respectively of chromosome 1R (Lawrence and Shepherd, 1981) . Other wheat gliadins are coded for by alleles at loci (provisionally called Gil 2) on the short arms of the group 6 chromosomes (Payne et a!., 1982) . These loci appear to be absent from barley and rye.
During the completion of this study we became aware of a similar study of the location of the genes for "D" hordein by Blake, Ullrich and Nilan (1982) . However their results showed that the controlling locus was only about 35 cM from Hot 1, which would place it on the short arm or, in the centromeric region. This is not consistent with the results reported here.
